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Edited by Peter BrzezinskiAbstract We studied the eﬀect of Na+ extracellular on Ca2+
mobilization from intracellular store evoked by carbachol in Try-
panosoma cruzi. We report that slow component of Ca2+ signal-
ing evoked by agonist is dependent on extracellular Na+ but not
on InsP3 increase. Moreover, this Ca
2+ signaling progressively
increased when pH of the medium changed from 7.0 to 7.8. In
addition, we found that it was regulated by PKC. The agonist
was also able to induce the alkalinization of the acidic compart-
ment, and both Ca2+ signaling and alkalinization were inhibited
by the EIPA-inhibitor of the Na+/H+ exchanger. These results
demonstrated the alkalinization of acidic vacuoles and PKC
are involved in the triggering of the epimastigote Ca2+ signaling.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Trypanosoma cruzi has a complex life cycle involving several
morphological and functionally diﬀerent stages that adapt to a
variety of conditions imposed by the insect vector and mam-
malian host environments. The free-living epimastigote propa-
gates in the alimentary tract of reduviid insects, in which the
environmental pH and Na+ concentrations vary considerably
[1]. It is known that the parasite requires calcium signaling
for the progression of the life cycle, since it is involved in host
cell invasion [2], multiplication and diﬀerentiation [3]. The
most of the releasable Ca2+ [4] in T. cruzi is contained in the
acidocalcisomes which are acidic vacuoles. They possess a
Ca2+/H+ exchanger and several pumps: a Ca2+/H+ ATPase, aAbbreviations: AO, acridine orange; EIPA, 5-(N-ethyl-N-isopropyl)-
amiloride; [Ca2+]i, intracellular free calcium concentration; Ca
2þ
o ,
extracellular calcium; Cch, carbachol; Naþo , extracellular sodium; H7,
1-(5-isoquinolinesulfonyl)-2-methylpiperazine; InsPs, inositol phos-
phates; InsP3, inositol trisphosphate; KRT, Krebs–Ringer–Tris; Mo,
monensin; NMG, N-methyl-D-glucamine; PtdIns(4,5)P2, phosphatidyl
inositol 4,5-bisphosphate; PKC, protein kinase C; PLC, phospholipase
C; PMA, phorbol-12-myristate-13-acetate ester
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doi:10.1016/j.febslet.2006.03.094vacuolar-type H+-ATPase and a vacuolar-type H+-pyrophos-
phatase (V-H+PPase) [4,5]. An Na+/H+ antiporter involved
in this integrated transport system has also been reported for
T. brucei; but it has not been shown to occur in T. cruzi [6].
We have reported that the muscarinic agonist carbachol
(Cch) [7], nicotine [8] and a peptide carrying the residues 1–
40 of chicken aD-globin [9] produce Ca2+ mobilization from
intracellular stores. In addition, we have also shown that
Cch is able to modify phosphatidylinositol metabolism [10]
and to increase inositol trisphosphate (InsP3) levels due to
PtdIns-PLC activation in the parasite [11]. Moreover, Marche-
sini et al. [7] suggest that part of Ca2+ signaling evoked by ago-
nist could be triggered independently of InsP3, although they
observed a similarity of dose–response relationship between
InsP3 elevation and Ca
2+ mobilization. The problem is to
understand how the external signal induces Ca2+ mobilization
from intracellular stores. Here, we report that slow component
of Ca2+ signaling induced by Cch is clearly dependent on
extracellular Na+ but not on InsP3 increase. We also demon-
strate the involvement of alkalinization of acidic vacuoles
and protein kinase C (PKC) activation in the signal.2. Materials and methods
2.1. Cells and culture media
The T. cruzi Tulahuen strain was used in this study. Epimastigote
forms were grown at 28 C in a modiﬁed Warren medium with 10%
fetal bovine serum (FBS), as described previously [12]. Cells in the
logarithmic phase of growth were harvested by centrifugation at
4300 · g for 10 min and washed twice with 25 mM Tris–HCl pH 7.4,
1.2 mM MgSO4, 2.6 mM CaCl2, 4.8 mM KCl, 120 mM NaCl and
100 mM glucose [Krebs–Ringer–Tris (KRT) buﬀer]. For experiments
under Na+-free conditions NaCl was replaced with 120 mM NMG
(N-methyl-D-glucamine).2.2. Measurement of [3H] inositol phosphates
The cells, harvested in the logarithmic phase, were preincubated and
gently agitated in a shaking water-bath at 28 C for 12 h in KRT buf-
fer, containing 0.1% bovine serum albumin, 10% FBS, 3 mM MnCl2
and 4 lCi/25 mg cells of myo-[3H]inositol. The [3H]InsPs were sepa-
rated by anion-exchange chromatography on Dowex AG 1-X8, as
described previously [11].2.3. Measurements of [Ca2+]i with Fura 2-AM
Fura-2 determinations were performed as described by Marchesini
et al. [7]. Brieﬂy, epimastigotes grown to midlog phase were harvested
and then washed once in KRT buﬀer. Cells were incubated with
4 lM Fura 2-AM (2 · 108cells/ml in KRT buﬀer), for 60 min at 28 C
in a water bath with mild agitation. Cells were washed twice with ice-
cold buﬀer and incubated for a further 20 min at 28 C, with agitation.blished by Elsevier B.V. All rights reserved.
Fig. 1. Eﬀect of Na+ substitution on intracellular Ca2+ mobilization
and InsP3 levels induced by carbachol. Epimastigotes loaded with
Fura 2 as described in Section 2 were resuspended in KRT buﬀer (+
Na+) or in KRT buﬀer without Na+ ( Na+). Arrows indicate the
addition of 20 lM Cch. A representative experiment is shown (n = 5,
each performed in triplicate). Inset: epimastigotes were resuspended in
KRT buﬀer and labeled with myo-[3H]inositol as described in Section 2
and then stimulated for 1 min with 20 lM Cch. The stimulation was
carried out in KRT buﬀer (ﬁlled bar) or in KRT buﬀer without Na+
(open bar). The results are expressed as percent of non-stimulated
control (100%). Values are means ± S.E. (n = 5).
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epimastigote suspension was diluted into 1.5 ml of KRT buﬀer (5 · 107
cells/ml ﬁnal density) and was placed in available polystyrene cuvettes.
Fluorescence was recorded in a DM3000 spectroﬂuorimeter (SPEX
Industries, Edison, NJ, USA) equipped with a thermostated (28 C)
cuvette holder and stirring device. Excitation and emission wavelengths
were 340 and 500 nm, respectively. The normalized values of ﬂuores-
cence were determined as described by [13]. Calcium release in response
to the agonist or the eﬀectors studied was determined integrating the to-
tal ﬂuorescence signal achieved in response to the treatment [8]. This va-
lue reﬂects the total amount of calcium released and for comparison the
area under the transient curve of control was considered as 100%.
2.4. Measurements of proton accumulation in the acidic vesicles and
epiﬂuorescence microscopy
The alkalinization of vesicles in intact epimastigotes was assayed by
measuring changes in the absorbance of AO (acridine orange) [14] by
using a Genesis spectrophotometer (Spectronic Milton Roy Com-
pany) at the wavelength pair 493–530 nm. Cells were diluted into
1.5 ml of KRT buﬀers (3.5 · 107/ml) and incubated with AO (10 lM)
for 50 s prior to the addition of the diﬀerent eﬀectors at 28 C.
For epiﬂuorescence microscopy experiment, the parasites were resus-
pended in KRT buﬀer plus AO (10 lM) for 15 min at 28 C and
washed twice in KRT buﬀer in order to eliminate the excess of dye.
Then, the parasites were treated with and without the presence of
monensin (Mo) 10 lM and, aliquots of 10 ll were placed on the cov-
erslips and observed under epiﬂuorescence microscope (Zeiss AxioLab
Standard Fluorescence Microscopy).
2.5. Statistical analyses
For statistical analyses, Wilcoxon matched pairs test was carried out
using STATGRAPHICS Plus Version 5.0, Statistical Graphics Corpo-
ration Copyright  2000, Manugistics, Inc.Fig. 2. Monensin-induced intracellular Ca2+ mobilization and alka-
linization of acidic vacuoles. Epimastigotes loaded with Fura 2 as
described in Section 2 were resuspended in KRT buﬀer (+ Na+) or in
KRT buﬀer without Na+ ( Na+). The arrows indicate the addition of
10 lM monensin. A representative experiment is shown (n = 5, each
performed in triplicate). Inset: epimastigotes were resuspended in KRT
buﬀer plus AO (10 lM) and treated with vehicle (control) or monensin
10 lM (monensin). The arrows indicate the dye accumulated inside the
acidic compartment.3. Results
3.1. Naþo substitution decreases Ca
2+signaling
We investigated the eﬀects of replacing extracellular sodium
(Naþo ) on Ca
2+ mobilization and inositol phosphates InsP3 in-
crease induced by Cch. A marked decrease (67.2 ± 4.8%,
n = 5, P < 0.05) in Ca2+ signaling was observed in a Na+ free-
medium, with Na+ replaced by NMG (Fig. 1). The absence of
Naþo only aﬀected the second phase, slow component, of cal-
cium signaling evoked by agonist. The increase of InsP3 induced
by Cch was not altered when the cells were incubated in Na+-
free medium (Fig. 1, inset).
To address whether the above-mentioned Ca2+ signaling is
related to the alkalinization process of acidic vacuoles we trea-
ted the parasites with Mo-Na+/H+ ionophore. Addition of this
ionophore was able to increase the intracellular free calcium
concentration ([Ca2+]i). The absence of Na
þ
o lowered Mo re-
sponse to 46.4 ± 4.5% (n = 5, P < 0.01) of the control value
(Fig. 2). In both cases, the eﬀect of Mo was independent of
extracellular Ca2+ (Ca2þo ) (data not shown). Additional exper-
iments were carried out with AO in order to determine pH
changes from the vacuoles. The accumulation of dye in acidic
compartments produces its dimerization. In this way, changes
in ﬂuorescence and absorbance properties take place, which
are used to monitor pH gradients across membranes [13].
The inset in Fig. 2 shows the accumulation of AO inside acidic
vacuoles in epimastigote forms (control). The ﬂuorescence of
these intracellular vesicles disappeared when the parasite were
treated with monensin, suggesting their alkalinization (Fig. 2
inset, Mo).
The amiloride derivative 5-(N-ethyl-N-isopropyl)-amiloride
(EIPA), an inhibitor of the Na+/H+ exchanger, also decreasedonly the second phase in Ca2+ signaling induced by Cch
(53.7 ± 9%, n = 5, P < 0.05) (Fig. 3), as occurred in absence
of Naþo . The inhibitory action of this compound was bypassed
by Mo, which allowed the subsequent Cch–Ca2+ signaling to
be 55.3 ± 1% (n = 5, P < 0.05) higher than that induced by
Cch. This indicates that the combined eﬀect of Mo and Cch
is additive compared to the eﬀect of the single agonist. Indeed,
Cch was also able to induce the alkalinization of the acidic
compartment, observed as the increase in the absorbance of
AO (Fig. 3, inset). This eﬀect was also inhibited in the presence
of EIPA (47.0 ± 10.0%, n = 4, P < 0.01).
Fig. 3. Eﬀect of EIPA on intracellular Ca2+ mobilization and
alkalinization of acidic compartment induced by carbachol. Epim-
astigotes loaded with Fura 2 as described in Section 2 were
resuspended in KRT buﬀer with 100–200 nM of Ca2þo , in the absence
of EIPA (control) or in the presence of 1 lM EIPA for 10 min (+
EIPA). Arrows indicate the addition of 20 lM Cch. A representative
experiment is shown (n = 5, each performed in triplicate). Inset:
epimastigotes were resuspended in KRT and 10 lM acridine orange
was added as described in Section 2, either in the absence of EIPA
(control) or in the presence of EIPA (+ EIPA) for 10 min at 1 lM.
Arrows indicate the addition of 20 lM Cch. A representative exper-
iment is shown (n = 4, each performed in quadruplicate).
Fig. 5. PMA ampliﬁes Ca2+ mobilization induced by carbachol.
Epimastigotes loaded with Fura 2 as described in Section 2 were
resuspended in KRT buﬀer in the absence of PMA (control), or in the
presence of either 1 lM PMA (PMA) or 50 lM H7 (H7) or 50 lM H7
plus 1 lM PMA (H7 + PM.). A representative experiment is shown
(n = 5, each performed in triplicate). Inset: epimastigotes were resus-
pended in KRT and 10 lM acridine orange was added as described in
Section 2, either in the absence of PMA (black line), or in the presence
of 1 lM PMA (PMA) or 50 lM H7 plus 1 lM PMA (H7 + PMA).
Arrows indicate the addition of 20 lM Cch. A representative exper-
iment is shown (n = 5, each performed in triplicate).
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involvement of an Na+/H+ exchanger in Ca2+ mobilization
from the acidic compartment, we carried out additional exper-
iments with diﬀerent pHs in extracellular medium. Conse-
quently, the Ca2+ mobilization induced by Cch increased
(336.0 ± 104.5%, n = 5, P < 0.05) when the pH of the medium
was increased from 7.4 to 7.8, while it was decreased
(48.3 ± 8.1%, n = 5, P < 0.01) when the pH changed from 7.4
to 7.0 (Fig. 4).
3.2. PMA ampliﬁes Ca2+ mobilization induced by carbachol
The activator of PKC, phorbol-12-myristate-13-acetate ester
(PMA), signiﬁcantly increased Ca2+ mobilization induced by
Cch, 94 ± 33% (n = 5, P < 0.05) higher than control without
PMA (Fig. 5). This result was in good agreement with the ef-
fect of 50 lM 1-(5-isoquinolinesulfonyl)-2-methylpiperazine
(H7), an inhibitor of the kinase, which produced a marked
attenuation to 42 ± 5% (n = 5, P < 0.05) of the signal induced
by Cch. The PMA eﬀect was reverted when the epimastigotes
were preincubated with H7. There was no signiﬁcant diﬀerence
between the signals of H7 vs. H7 + PMA.Fig. 4. Eﬀect of pH on intracellular Ca2+ mobilization induced by
carbachol. Epimastigotes loaded with Fura 2 as described in Section 2
were resuspended in KRT buﬀer pH 7.4 (7.4), pH 7.0 (7.0) and pH 7.8
(7.8). Arrows indicate the addition of 20 lM Cch. A representative
experiment is shown (n = 5, each performed in triplicate).This increase in the [Ca2+]i evoked by Cch in the presence of
PMA, was coincident with the increase in the alkalinization of
the acidic vacuoles (50.3 ± 10.9%, n = 5, P < 0.01). Moreover,
this eﬀect was reverted by H7 to 56.3 ± 11.4% (n = 5, P < 0.01)
of the control value, as occurred with the calcium signaling
(Fig. 5, inset).4. Discussion
The result obtained in this study clearly showed a depen-
dence between extracellular Na+ and Ca2+ release from intra-
cellular store evoked by Cch. In this context, the slow
component of Ca2+ signaling induced by the agonist was re-
duced in a Na+-free medium and progressively increased when
the extracellular pH raised, indicating that Ca2+ signaling was
modiﬁed by a driving force imposed by opposite Na+ and H+
gradients. In addition, when the parasites were incubated in
acidic pH the basal levels of InsPs/InsP3were signiﬁcantly in-
creased with respect to the control pH 7.4 (data not shown),
whereas Ca2+ signaling decreased. Previously, we demon-
strated that Cch stimulated phospholipase C (PLC) in a
dose-dependent manner [7]; here we show that this activation
was not altered by the absence of extracellular Na+, since the
accumulation of InsP3 was not modiﬁed in a Na
+ free medium.
These data support the idea of an alternative or complemen-
tary mechanism to IP3 dependent on extracellular Na
+ in the
process of calcium release from intracellular store. Taken to-
gether, the results suggest a model in which Na+ and H+ extra-
cellular may play an important regulatory role in allowing the
phosphoinositide cycle to proceed in the parasite response to
certain extracellular signals. Thereby, in T. cruzi epimastigotes
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naling is not restricted only to the action of InsP3 as second
messenger responsible for Ca2+ mobilization. In this respect,
the role of InsP3 in the Ca
2+ release of lower eukaryotes is still
controversial [15–18]. Recently, ion transporters and channels
have been discovered to be regulated by phosphatidyl inositol
4,5-bisphosphate (PtdIns(4,5)P2) [19]; Ins(1,4,5)P3-gated cal-
cium channel and Na+/H+ exchanger are regulated in the
opposite manner by PtdIns(4,5)P2. Aharonovitz et al. [20] have
shown that PtdIns(4,5)P2 depletion inhibited Na
+/H+exchan-
ger. Moreover, we have reported that Cch highly stimulated
phosphotidylinositol 4-phosphate kinase when PLC activity
began to return towards basal activity [7]. Thus, changes of
concentration of PtdIns(4,5)P2 in epimastigotes could repre-
sent cell signals to those mechanisms sensitive to PtdIns(4,5)P2
changes [19].
Most of the releasable Ca2+ in T. cruzi is localized in acidic
compartments called acidocalcisomes [4]. In several higher
eukaryotes the acidic Ca2+ compartment signiﬁcantly contrib-
utes to the Ca2+ signaling, and some of the stores are Na+/H+
Mo sensitive [21,22]. In this study, the alkalinization of acidic
compartments of the parasite induced by Mo and its eﬀect on
the calcium signal indicate a relationship between the alkalin-
ization process of the vacuoles and the release Ca2+. Moreover,
the eﬀect of Mo on [Ca2+]i was independent of extracellular
Ca2+, indicating that the cation is released from intracellular
stores. Since in presence and absence of Naþo this ionophore
mobilized [Ca2+]i, the possibility of reversion of Na
+/H+ ex-
change is excluded. These results are in accord with those in-
formed by Vercesi and Docampo [6]. The authors showed
that when extracellular Na+ was absent, Mo could only ex-
change Na+ and H+ at the vacuolar membrane level, and the
amount of Na+ present in the cytosol was able to release suf-
ﬁcient H+ from the acidic vacuolar compartment to acidify
the cytosol in T. brucei. Moreover, our ﬁnding is in agreement
with the results of Docampo et. al. [4], who reported Ca2+ re-
lease after addition of NHþ4 and nigericin to the Fura 2-loaded
T. cruzi epimastigotes. As a consequence, it is possible to de-
duce that Na+ transport may be involved in Ca2+ release from
acidic compartments in the parasite. Therefore, an exchange
between external Na+ and internal vacuolar H+ would facili-
tate Ca2+ release via Ca2+/nH+ exchanger described in the aci-
docalcisome membrane of T. cruzi [4]. This mechanism would
be functionally important under certain Naþo concentrations.
In addition, as the calcium signaling was also inhibited by
EIPA and this eﬀect was bypassed by Mo, it seems to be med-
iated, at least in part, by the activation of an acidocalcisome
Na+/H+ exchanger. Moreover, the alkalinization of acidic
compartments induced by Cch was also inhibited by EIPA,
supporting again the idea that an Na+/H+ exchanger is re-
quired for Ca2+ signaling.
The absence of extracellular Na+ did not abolish [Ca2+]i
completely since, as Fig. 1 shows, an early increase indepen-
dent of Naþo occurred. This eﬀect was also observed in the pres-
ence of EIPA (Fig. 3). This fact indicated that the activation of
Na+/H+ exchanger would be responsible for a second phase in
calcium signaling evoked by Cch. These data suggest the ques-
tion whether InsP3 or a metabolite of it [23] is the responsible
for the early phase. Further research on this topic is necessary
to clarify the role of InsP3in the calcium signaling in lower
eukaryotic.Another point of interest is the role of PKC in this signaling
process. Previously, Marchesini et al. [7] observed an inhibition
of InsP3 production by PMA after Cch stimulation suggesting
a role to PKC in the regulation of PLC activity. Now, we show
that the treatment with PMA increased both [Ca2+]i and the
alkalinization of acidic vacuoles. Thus, the activation of this
kinase would produce the InsP3 level decrease [7], whereas
[Ca2+]i and alkalinization of acidic vacuoles are ampliﬁed.
These data support the idea of a relationship between the alka-
linization process and calcium release under our experimental
conditions. The reversion of this eﬀect by H7, an inhibitor of
the kinase, sustains this hypothesis. In relation to this, high
levels of PKC alpha-isoform activity in the parasite have been
reported [24,25]. In addition, it is well known that in various
types of cells, PKC may activate Na+/H+ exchanger [26,27],
and it mediates the response to a multitude of regulatory sig-
nals involved in the control of cell proliferation, diﬀerentia-
tion, volume, and osmolarity changes [28,29]. Recently, the
publication of a complete genome of T. cruzi [30,31] allows
us to recognize a genomic region, which codiﬁes for a protein
identiﬁed as putative Na+/H+ exchanger (Access no. 86578.1,
http://www.ncbi.nlm.nih.gov). The analysis of this translated
sequence revealed PKC consensus sites, KSPR and RSPR,
localized in C-terminal region (http://smart.embl-heidel-
berg.de). This ﬁnding suggests that a putative Na+/H+ antipor-
ter in T. cruzi may be phosphorylated directly by PKC as
occurs in higher eukaryotes [26,27].
In summary, we show that Cch can trigger Ca2+ signaling in
T. cruzi epimastigotes across a mechanism simultaneous and/
or alternative to InsP3. In this context, the alkalinization of
acidic vacuoles would be responsible of calcium release, per-
haps via Na+/H+ exchanger activation with the subsequent
activation of Ca2+/H+ exchanger. In addition, also suggesting
a new role for PKC as a pivotal enzyme in the control of
Ca2+ release from intracellular stores.
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